(RECEIVED FOR PUBLICATION JULY 4, 1960) We have encountered brain damage in a number of children after the clinical use of deep hypothermia for open-heart surgery, and we therefore consider a warning should be given against its use by extracorporeal cooling in its present form, especially for children. Our findings have precluded the continued use of deep hypothermia for children in our clinic.
MATERIAL
The material is divided into five groups according to the different surgical techniques used for extracorporeal circulation (Table I) . GROUP 1.-Deep hypothermia was obtain..d bv extracorporeal cooling after the method of Drew and Anderson (1959) . The blood was drained from the left atrium to a reservoir and pumped through a heat exchanger back to the femoral artery. When the heart fibrillated, usually between 16°and 30°C. oesophageal temperature, blood was drained from the right atrium to a reservoir and then pumped through a catheter in the pulmonary artery via the right ventricle, oxygenated in the patient's lungs and returned to the reservoir draining the left atrium. When an oesophageal temnperature of between 5.8 and 14.7°C. had been reached, the circulation was stopped and the operation done in a bloodless flaccid heart. Rewarming GROUP 2.-The cooling and rewarming were the same as in Group 1, i.e., by extracorporeal cooling without the aid of an oxygenator. During the operation blood from the right atrium to the femoral artery was slowly perfused, and served three purposes. First it kept the temperature at the initial low value of 10' C., secondly it provided a slow perfusion, (usually 200 ml./min., so stirring up the blood and preventing thrombus formation), and thirdly delivering oxygen from the saturated blood to the tissues. After 30 minutes of retroperfusion the oxygen content of the perfused blood had fallen from arterial to venous level.
Furthermore the blood in the extracorporeal circuit was diluted with 300-500 ml. low molecular dextran (Pharmacia) in order to bring the haematocrit below 35% and diminish viscosity and danger of aggregation of the corpuscular elements of the blood. There were four deaths (Cases 5, 6, 7, and 
METHODS
The brains were usually investigated after fixation in formalin, and different parts were examined after staining with Nissl, haematoxylin according to Heidenhain, Weigert-haematoxylin-van Gieson, and fat staining with scharlach R.
RESULTS
The results are summarized in Table II. GROUP 1.-Four brains were examined. Case 1.-The brain weighed 1,220 g. Macroscopically the cortex in the parietal region was somewhat patchy.
The microscopical changes were dominated by diffuse disappearance of ganglion cells in the globus pallidus so that only a few ganglion cells remained with a marked gliosis (Fig. lc) . There were also atrophic ganglion cells and remnants of damaged ganglion cells, especially macrogliosis. Similar changes, but not so pronounced, were encountered in the putamen and a small, older softening was seen in the caudate nucleus. In the parietal cortex there were small foci, partly laminar, and ganglion cells had disappeared, especially in the third nerve cell layer with only slight gliosis. Similar changes were also found in the hippocampus (Fig. 2) . No changes were found in the cerebellum.
The kidney and liver did not demonstrate significant changes. , . , Nk.
BRAIN DAMAGE AFTER DEEP HYPOTHERMIA the cortical and subcortical areas, often in the bottom of a sulcus, especially in the parietal region bilaterally, but they were also found in the occipital region, especially in the right, symmetrically in the thalamus (Fig. 3) , and in both lobes of the cerebellum. Microscopically the changes were similar to ischaemic ganglion cell change. Ganglion cells had disappeared in the cortex, often laminar in the third and fifth layers, and myelin sheaths had also disappeared in the white matter and there was a homogenizing disorder of Purkinje's cells. There were also regressive changes in glial cells in some places, but no gliosis was visible. These changes were found particularly in the cortical grey and white matter of the cerebrum, in the hippocampus, thalamus, and in the cerebellum, but to a lesser degree in the insula, caudate nucleus, putamen, hypothalamus, and in the nucleus dentatus but also in the globus pallidus, where the changes were insignificant, being confined to a few ganglion cells.
Several sections were investigated for embolic material, but only in a few parts of the parietal region and in the putamen were small, thrombus-like aggregations of thrombocytes and leucocytes demonstrated in a few small arterial branches (Fig. 6) .
The kidney and liver showed degenerative changes with hyaline and granular cylinders in the renal tubules and caryolysis in the tubular epithelium and central necrosis in the liver lobuli. Microscopically in the parietal region there were small focal changes in different layers, especially in the third and fifth, with necrosis and disappearance of ganglion and glial cells without obvious gliosis. In the globus pallidus there were no visible acute changes.
Tubular necrosis and several granular cylinders with red blood cells and desauamated tubular cells were found in the kidneys. In the submucous layer of the small intestine there were some small arteries filled with thrombo-embolic material with necrosis of the intestinal wall.
GROUP 5.-One brain was examined. Case 11.-The brain weighed 1,480 g. Bilaterally there were some small grey areas without sharp borders in the cortex, often in the bottom of a sulcus and especially in the parietal region.
Microscopically these areas corresponded to complete disappearance of ganglion cells with gliosis as well as increased vascularization with fat phagocytes. These foci were extended over the whole cortical grey matter with some laminar processes in the fifth and sixth cell layers. Also in the thalamus there were sharply demarcated foci but not in the other basal ganglia. In the globus pallidus no significant ganglion cell changes were seen (Fig. 2b) . In the cerebellar molecular layer gliosis was found 289 in a few places, and, corresponding to them in the parietal region, small foreign body granulomas were found in the lumina of small arteries (Fig. 7) .
In the kidneys there were no significant changes, but in the liver slight stasis with central atrophy of the liver cells was observed. DISCUSSION The brain changes vary in the five groups. In the first the changes in all three cases are the same and localized predominantly to the globus pallidus, while the changes in the cerebral cortex are less pronounced. The clinical symptoms were of the same type in these cases, but the time between operation and death varied between one and three months. It is probable that the cause for these changes in the three cases in Group 1 is the same.
In Group 2 the changes vary. Case 6 shows changes similar to those in Group 1 with dominating changes in the globus pallidus that can be ascribed to the post-operative period. There were also changes which may have preceded the operation. The two other cases, Nos. 7 and 8, did not have acute changes in the globus pallidus but showed older changes. In Case 8 the changes might have been due to embolic material. The observation time between operation and death in this group was short (only five days in Case 6 and a few hours in Case 8), which makes it difficult to draw conclusions regarding the pathological findings, especially as a complex picture was found with a mixture of old and acute changes in the globus pallidus. The two children had more pronounced changes than those found in the two adults.
The case in Group 3 demonstrated the most pronounced brain changes in the series and showed a different lesion; the cortex and the thalamus dominated the picture and the globus pallidus was insignificantly affected. The changes in the brains of Groups 1 and 3 may be of different origin.
Groups 4 and 5 show more disseminated foci and in both emboli were demonstrated. The changes encountered in these cases may be caused by emboli. Cases 6 and 8 of Group 2, Case 11 of Group 5, and possibly also Case 9 in Group 3 may also be partly ascribed to emboli. No signs of fat or air embolism have been found during the histological investigation of this material.
It has been stressed that some of these changes date from an occasion before the operation. This is most clearly demonstrated in Cases 5, 7, and 8. In the cases where it has not been possible to date the different changes, some of the lesions in the brain may have been present before operation. In Group 1, on the other hand, where pronounced clinical symptoms due to the brain changes were encountered after the operation, the eventual presence of some earlier brain changes cannot be important. The diffuse changes in the brain may be divided into two groups according to the principal localization of the process. One showed changes localized to the cerebral cortex, especially to the region of the arteria cerebri media, the hippocampus, cerebellum, and thalamus, while the globus pallidus was not significantly changed. In the other the changes were predominantly in the globus pallidus, but these cases also showed minor changes in other parts of the brain.
These two types of diffuse change in the brain are generally considered characteristic of two different kinds of pathological course, i.e., the dominating changes in the globus pallidus are usually ascribed to hypoxaemic hypoxia; they are found in carbon monoxide poisoning. The changes in the cortex are usually ascribed to diminished blood flow to the brain. No definite conclusions can be drawn regarding those two types, although some paralysis of the enzymatic system in deep hypothermia causing these changes in the globus pallidus may be discussed. The other possibility is intravascular aggregation of red blood corpuscles, or, more probably, of the thrombocytes and leucocytes.
As focal necrosis scattered over the brain is found, the explanation may be a sequestration of the thrombocytes and white blood corpuscles forming thrombi in the brain capillaries during cooling. Such an aggregation of thrombocytes and white blood corpuscles was demonstrated in some vessels in the brain of Case 9 (Fig. 6) . The thrombi may come early during cooling and block the vessels to one area so that its temperature and oxygen demand do not fall equally quickly, causing local anoxic damage. Another possibility is that the sequestration of thrombocytes and white blood corpuscles cause thrombi in certain areas in brain during the lowest temperature. During rewarming the number of thrombocytes and white blood corpuscles after a low concentration usually return to a normal one. In the two surviving children a diminution from 189,000 to 88,000 returned to 190,000 in one case, and a drop from 230,000 to 63,000 returned to 187,000 thrombocytes during the rewarming in the other. If sequestrated thrombocytes and white blood corpuscles return to the circulating blood too slowly -from the brain during the rewarming, obstruction to the circulation with foci of anoxic necrosis will occur as in Case 9.
In three of the six children who died, the thrombocytes never did return to normal values 290 during or after the rewarming. In Case 9 (compare Fig. 6 The cause must be ascribed to the deep hypothermia (probably due to thrombocyte aggregation) when the incorporation of the spinning disc oxygenator in the circuit did not prevent brain damage in a 4-year-old child (Case 9) operated on at 16°C.
The fact that only children and no adult patients have suffered this complication cannot be explained. Some evidence points to a difference between the brains of adults and of children under 2-3 years of age regarding the blood-brain barrier. In experiments on cats and dogs Lourie et al. observed a partial disruption of the barrier to trypan blue only at brain temperatures at and below 90 C.
In dogs Connoly, Harris, Bruns, Smith, Guernsey, and Boyd (1960) found that by selective brain cooling to 200 C. the Purkinje cells were diminished in number regardless of whether any vascular occlusion was performed.
SUMMARY
The use of deep hypothermia by extracorporeal cooling must be re-evaluated. Severe brain damage has been encountered in children operated on both with and without an oxygenator. For the present deep hypothermia is recommended, in combination with the spinning disc oxygenator, only in adults who have aortic valvular disease or aneurysm in the arch of the aorta.
